Plant pigments as biomarkers of high-molecular-weight dissolved organic carbon Abstact-We used plant pigments as tracers of highmolecular-weight dissolved organic C (HMW DOC) (<0.2 pm and > 1,000 Da). Water samples were collected from four stations along a transect on cruises in June 1992 and January 1993 in the Gulf of Mexico. Samples were also collected from three stations on the continental shelf of Cape Hatteras for comparison. Chlorophylls a and D were at detectable levels in HMW DOC; concentrations of the carotenoids zeaxanthin and fucoxanthin in HMW DOC indicated that cyanobacteria, prochlorophytes, and diatoms contributed to the total HMW DOC pool across the continental maryin in the gulf. The extremely low concentrations of pheopigments (except for chlorophyllide) in particulate organic C and HMW DOC suggested that direct exudation from phytoplanklon and sloppy feeding by zooplankton were the major mechanisms of release. However, significant and selective pigment loss, due to light and thermal degradation in the reservoir, did occur in the absence of any cooling or light-shielding precautions. This study demonstrated that pigments can be used to acquire qualitative information on the sources of HMW DOC and to .
gain insight on its relative age-based on pigment turnover.
Plant pigments have been widely used as biomarkers of particulate organic C (POC) sources in freshwater and marine ecosystems (see Millie et al. 1993) . Chloropigments such as chlorophyll a and pheopigments are commonly used to estimate phytoplankton biomass and grazing intensity, respectively (Shuman and Lorenzen 1975; Welschmeyer and Lorenzen 1985; Bianchi et al. l99l) . Carotenoids, on the other hand, are more class specific and have been used to trace specific sources ofparticulate carbon (Wright and Jeffrey 1987; Leavitt and Carpenter 1990; Wright er al. l99l) .
The presence of pigments in the dissolved organic C (DOC) pool may also be useful in tracing sources. If present, these pigments may affect the cycling and transformation of DOC in the ocean. For example, carotenoids such as zeaxanthin can also function as photoprotectants for the living algal cell by quenching singlet oxygen which precludes peroxidation reactions (Foote et al. I 970; Foote 1974) . The photochemical degradation of synthetic polymers can be reduced significantly by adding pigments (Ranby and Rabek 1975) . Despite an extensive literature on the use of plant pigments as biomarkers, the emphasis has been on POC with virtually no published accounts of their application to trace sources of DOC.
The quantification and apparent age of DOC (using taC) has received considerable attention recently, but little progress has been made on the transformation and cycling ofDOC within the ocean.(Hedges 1992; Lee and Henrichs 1993; Hedges et al. 1993) . Plant pigments which tend to be nonpolar in nature are not likely to be effective tracers oflow-molecular-weight DOC (LMW DOC) (< I,000 Da); however, we will show that the larger high-molecularweight (HM!V) fraction within the total DOC pool (> 1,000 Da to <0.2 prn) has detectable pigment concentrations. A significant fraction of the total DOC in the ocean is usually represented by HMW material (Sharp 1973; Williams and Druffel 1988; Benner et al. 1992) .
Pigments found in LMW DOC are likely to be complexed in water-soluble proteins or solubilized in detergentlike micelles (Harbour and Bolton 1978) ; the remaining fraction of pigments in DOC would be complexed in hydrophobic cellular materials such as membrane materials and phytodetritus (Nelson 1993) . Thus, although the actual range of molecular weights of chloropigments and carotenoids are generally < 1,000 Da, their contribution to LMW DOC is likely to be minimal because of complexation with HMW membranous materials (i.e. thylakoid membranes).
In this study we use plant pigments for the frrst time to examine the relationship between the major sources ofPOC (phytoplankton) and the dominant pigments found in the HMW DOC on the continental margin ofthe northwestern Gulf of Mexico. The mass concentration of HMW DOC in this region of the gulf is >l mg liter-' which represents, on average, -45o/o of the total DOC (Guo et al. 1994) . Our major objectives are to determine whether plant pigments can be used as effective biomarkers to trace the dominant sources of HMW DOC in the Gulf of Mexico, to compare concentrations and composition of pigments in POC and HMW DOC collected from the Gulf of Mexico and the continental shelf off Cape Hatteras, and to examine for artifactual effects that the ultrafiltration process may have on pigment concentrations in collected materials.
Water samples were collected for pigment analyses aboard the RV Gyre in June 1992 and January 1993 in the northwestern gulf; samples were collected at four stations (Sta. l, 28"45' N, 94'59' W; Sta. 4, 27o30' N, 95"50' W; Sta. 5, 26%0' N, 95e00'W; Sta. 6, 27"43' N, 95"00' W) . Samples were also collected at three stations (Sta. 5, 36"04'N, 74"43'W:' Sta. 30, 36'03'N, 74'46'W; Sta. I 13, 36"05'N, 75"21'W) offCape Hatteras aboard theRY Gyre in May 1993. Samples analyzed for this study covered a wide range of oceanographic conditions (Table l) .
Water samples were drawn from 3O-liter Niskin bottles tripped at surface and bottom depths at each station. Aliquots of 500-2,000 ml were passed through Alltech anodisc filters (0.2-pm pore size) for collections of POC to be analyzed for pigments. Filters were then placed into polypropylene microcentrifuge tubes, stored in liquid nitrogen, and brought back to the lab for pigment analysis.
In the present work, DOC was fractionated according ' N, 94"59.9' W 27"43.7' N,95'00.0' W 26'40.0' N, 94"59.9'W 28044.8' N, 94'43.7' W 27"30.0'N, 95"50.9' W 27"30.O' N, 95"50.9' W 26%0. l'N,95"00.2' W 26%0. l'N,95"00.2' W 36'03.8' N, 74'46.3' W 36"05.2' N, 7 5"2t.4' W 36'04.6 to sizes by the cross-flow ultrafiltration techniques of Guo et al. (1994) . Size was calibrated by using compounds of different molecular weights indicating that a 1,000 MW cutoff is only approximate. We used an ultrafilter membrane that had a nominal MW cutoffof 1,000 Da. An Amicon DCI0L ultrafiltration system was used with the 1,000 K Da spiral-wound polysulfone cartridges (Amicon, S l0N I ) (Baskaran eI al. 1992). Surface seawater samples were pumped directly through an acid-rinsed 0.2-or O.4-pm pore-size Nuclepore cartridge and subsequently through the 1,000-Da ultrafiltration system. No significant differences were observed between 0.2-and 0.4-p.m pore-size filters for any parameters reported here.
In this study, HMW DOC was defined operationally as the fraction between 1,000 Da and 0.2-or 0.4-pm pore size. About 200 liters of seawater were processed, and the concentrated HMW DOC was reduced to -2liters. The DOC recovery rate for the 1,000 Da ultrafiltration system ranged from 97 to 1080/o (with an average of l0lo/o) (Guo et al. 1994 ). The concentrated retentate was then distributed into cryo-containers, placed in a -80'C Ultralow freezer for 24 h, and then lyophilized.
Filters for HPLC analysis, which had been wrapped in aluminum foil and stored in liquid nitrogen at sea, were generally analyzed within 2 weeks of each cruise. Filters were first cut into small pieces, placed into microcentrifuge tubes ( I .5 ml) containing I ml of I 00o/o acetone and 50 pl of canthaxanthin (an internal standard), and extracted according to Bianchi et al. (1995) . Preweighed lyophilized HMW colloidal materials (-20-30 mg) were also extracted for pigments with this procedure.
Reverse-phase HPLC analysis was conducted with the method recommended by Wright et al. (1991) . A Waters 610 solvent delivery system was coupled with dual-channel detection using a Waters 996 photodiode array detector and a Milton-Roy fluorescence detector with excitation at 44O nm and emission at >600 nm. A Rheodyne injector was connected via a guard column to a reverse-phase C,s Alltech Adsorbosphere column (5-pm particle size;, 250 mm x 4.6 mm i.d.); injection volumes ranged from 100 to 300 pl. Although the Wright et al.
(1991) method has been well established for pigment analyses in POC samples, we were also able to achieve sufficient resolution for all dominant pigments in HMW DoC (Fig. l) .
High-purity HPLC standards for Chl a and b were obtained from Sigma Co. Fucoxanthin, zeaxanthin, canthaxanthin, and B-carotene standards were provided by Hoffman I-aRoche. Pheopigments (pheophorbide, pheophytin, chlorophyllide) were quantified and prepared with methods described by Bianchi et al. (1993) . All peaks represent methods described by Bianchi et al. (1993) . All peaks were quantified with calculated response factors and the Waters Millenium software package.
A simple laboratory experiment was conducted to examine for any artifactual effects that the 0.2-pm prefilter may have on pigment concentration in the HMW DOC during ultrafiltration. This lab experiment required the construction of a two-chambered system (3-liter chambers) connected by PVC pipe (6.5-cm i.d.) which has a Poretics O.2-trm polycarbonate membrane passing through it. The basic concept was that unfractionated DOC produced by a freshwater culture of phytoplankton (diatoms) in one chamber will diffuse (without filtering effects) into a second chamber that has an equal volume of nanopure water with no phytoplankton culture. A freshwater system was used because the unfractionated DOC can be collected by lyophilization from small volumes of water without the removal of salts. Pigment concentrations in the unfractionated DOC collected by diffusion were then compared with pigments found in the unfractionated DOC that were collected by pumping water from the chamber with the diatom culture through a 0.2-pm pore-size inline filter (47-mm diam) using a Masterflex peristaltic pump.
The two-chambered system was first calibrated with NaCl as a tracer to determine the time required for adequate diffusion of unfractionated DOC across the membrane; equilibrium was reached in 5 h with 5 g of NaCl.
Vigorous mixing was maintained in each of the chambers Notes s ment analysis using the aforementioned method. The ambient lighting and duration of time (-5 h) used in this experiment was similar to that used in processing field samples.
Additional water was collected from the same location in Clear Creek in July 1994 for a follow-up experiment to examine the possibility of reducing the artifactual effects of thermal and light degradation on pigments during ultrafiltration. In this experiment all conditions were as described above, except for packing ice around the entire ultrafiltration chamber, which was also wrapped with layers ofblack plastic to further insulate and shield the filtrate from ambient lighting.
.F-u* was used prior to ANOVA analyses to check for homogeneity of variances (Sokal and Rolhf l98l). A Kruskal-Wallis test was used to test for significant differences between filtered and diffused samples in the prefiltration experiment; one-way ANOVA was used to test for significant effects of time on pigment concentrations in both thermal-light experiments. A simple l-test was used to test for differences between means of pigment concentrations from two field stations. Correlation analyses on POC and HMW DOC pigment samples from the field were performed with a Pearson product moment correlation matrix. Although replicate samples were not available for HMW DOC pigment samples from the field, the reproducibility (C.V.) of selected replicates for each sample type was <l5o/o.
The presence of pigments in the HMW DOC fraction was not likely to be an artifact of filtration or ultrafiltration for the following reasons. First, the laboratory experiment demonstrated that there was no significant difference (P: 0.05) (after 3 d of equilibration) between Chl a and fucoxanthin concentrations in the unfractionated DOC that diffused across the 0.2-&m pore-size membrane (in the chamber containing no phytoplankton) vs. the unfractionated DOC collected after particles had been filtered out (in the chamber containing diatoms) ( Table  2 ). The appearance of slightly lower concentrations of pigments in the unfractionated DOC (although not significant) may be due to an inadequate amount of time for total equilibration (i.e. 3 d) to occur between the chambers or the production of unfractionated DOC may have been faster than the diffusion rate across the membrane. In any event, the pigment concentrations would have been significantly lower in the diffused unfractionated DOC had there been any filtration effects.
Ifthe filtration process had caused the breakage ofcells, the ratio of pigment concentrations in HMW DOC and particulates should be similar (despite some possible fractionation), which however, was not the case (Table 2) . For example, although the Chl a: fucoxanthin ratio in particulates (diatoms) is 2.1, the ratio is 0.52 in the filtered unfractionated DOC andO.47 in the diffused unfractionated DOC; thus, there was a significant difference between the pigment ratio in particulate vs. both unfractionated DOC samples, with no significant difference between filtered and diftrsed unfractionated DOC. The Chl a: fucoxanthin ratio of diatoms (2.1) was within the range found for most other diatom species (Klein 1988; Stauber 2-zeaxanthin; 3-canthaxanthin (internal standard); 4-chlorophyll b; 5-chlorophyll a allomer; 6-chlorophyll a;7 -p-carotene.
(using stirrers and stir-bars) to enhance rates ofdiffusion. A senescent culture of Navicula spp. was used in this experiment to further enhance the rate of unfractionated DOC production, assuming that senescent cultures have a greater amount of cell lysis and decay. Chlorophyllide a was used as an indicator to select a senescent diatom culture; chlorophyllide a is a degradation product of Chl a (phytol chain removed) that can be produced by chlorophyllase, an enzyme associated with senescent diatoms (Jeffrey 1974). As mentioned previously, l00o/o acetone was used to preclude artifacts that could result in higher concentrations ofchlorophyllide c (Jeffrey and Hallegraeff l 987).
This experiment was designed to determine the percent recovery of pigments from prefiltered water within the ultrafiltration reservoir over time. In the latter stages of ultrafiltration, the reservoir holding the accumulating isolate can warm considerably in addition to being exposed to ambient lighting. Thus, there is a potential for thermal and light degradation of pigments during this process. In fact, it is equally possible that other biochemical constituents of DOC (i.e. amino acids, fatty acids, sugars) may also undergo some thermal degradation during these stages of ultrafiltration.
To avoid the problems of diafiltration, we used freshwater collected from Clear Creek, a stream in southeast Texas (near Houston) for our artifact experiment. Water was collected in May 1994 with plastic carboys and passed through a 0.4-pm pore-size filter. In an attempt to carry out a worst-case scenario, 20 liters of filtered freshwater were recirculated through the ultrafiltration system (DCl0) using the highest'pressure (400 kPa). Recirculated water (2 liters) was collected every hour for 5 h and then lyophilized to dryness, weighed, and extracted for pig- maintains temperatures within a desired range, as well as an adequate mechanism for shielding the filtration apparatus from ambient light, would significantly reduce these artifactual effects. It should also be noted that the pumps in the Amicon system used in this study appear to generate more heat than the peristaltic pumps commonly used in other ultrafiltration systems (K. Buesseler pers. comm.). Further studies are needed to determine the most efficient means ofreducing ultrafiltration artifact and to assess whether there are similar effects on many of the other biochemical constituents of DOC.
It should be noted that the following discussion on pigment concentrations and turnover in HMW DOC samples collected in the field was not corrected for the aforementioned effects of artifact; however, the mere presence of detectable levels of these class-specific carotenoids still allows identification ofdominant POC sources. We will show that using pigments to obtain a qualitative and Jeffrey 1988). The same argument can also be made for the field samples, where pigment ratios in HMW DOC were very different from those in the particulates. Thus, if "pigment juices" were being produced (by filtration) in large quantities in HMW DOC, pigment ratios of HMW DOC would have been similar to that found in POC.
It should be noted that the 0.2-pm pore-size, 47-mmdiameter filter used with the vacuum filtration in the lab experiment is different from the actual prefiltration method used in the field, where water is pumped through a 0.2-pm Nuclepore cartridge filter before ultrafiltration. However, we have calculated that the greater surface area of the cartridge used in the field resulted in a pressure gradient that was significantly lower (-500 times) than that used in the lab experiment.
There was a significant (P < 0.05) loss of all dominant pigments during the 5-h ultrafiltration process ( Fig. 2A) . For example, 93o/o of Chl a, 88o/o of B-carotene, 83o/o of fucoxanthin. and 79o/o of zeaxanthin were lost over the 5-h period. The ratios of pigments (relative to Chl a) among sampling periods also changed over time with a 64,69, and 58o/o change from the initial ratios for Chl a: fucoxanthin, Chl a:zeaxanthin, and Chl a:B-carotene ( Fig. 2A) . However, in the follow-up experiment, where cooling and light shielding precautions were taken, the loss of pigments was significantly reduced with losses of 63, 39, and 560/o for Chl a, !-carotene, and zeaxanthin (Fig. 2B) . Changes in the ratios of pigments with time were also reduced significantly with changes of 46 and 4lo/o for Chl a : zeaxanthin. and Chl a: 1-carolene. There were no significant differences between the concentrations of Chl a, zeaxanthin, and p-carotene at 2 and 5 h (Fig.   2B ).
These experiments demonstrate that the observed concentrations of pigments in HMW DOC from our field samples are likely to be considerably higher than reported-due to artifactual losses. If this is the case, the potential for using pigments as biomarkers in HMW DOC may still remain high. Only minor alterations in our ultrafiltration procedure resulted in as much as a 49o/o increase in the B-carotene yield. More efficient methods of cooling are certainly needed to produce greater yields than reported here if pigments are to be used as quantitative markers of HMW DOC. The melting and replacement of ice during the 5-h duration of our modified ultrafiltration procedure was inefficient and impractical. Improvements such as a cold-finger mounted in the filtrate reservoir that There was a significant correlation (P < 0.05) between the lowest observed pigment concentrations in POC and HMW DOC at stations 93Gl-St. 5 and 93G7-St. l; these were the deepest samples in the study (1,600 and 750 m). However, high pigment concentrations in POC were not always correlated with high concentrations in HMW DOC. The highest concentrations of all pigments in POC, except for Chl b, occurred in the surface waters of station 93Gl-St.4 (Gulf of Mexico) in January 1993 (Table 3) ;this was due to the upwelling effects of the outer edge of a warmcore ring (Biggs 1992; -Lambert 1994) . The highest concentrations of pigments (Chl a and zeaxanthin) in HMW DOC were also found at station 95Gl-St. 4; however, they were in waters collected at 355 m (Table 3) . Thus, the production and flux of pigment containing HMW DOC derived from phytoplankton in surface waters was most likely responsible for these high concentrations at depth. The highest total pigment concentrations in POC, at station 93G7-St. l6 off Cape Hatteras, were significantly correlated (P < 0.05) with the highest total pigment content in HMW DOC in this region.
The predominance of the carotenoids fucoxanthin (a marker for diatoms) and zeaxanthin (a marker for cyanobacteria) suggests that these classes of phytoplankton represented the dominant forms of POC and may also be the most likely sources of HMW DOC in the northwestern Gulf of Mexico and off Cape Hatteras (Table 3) . Moreover, it has also been shown, using lignin-phenols as biomarkers of terrestrial carbon, that this region of the gulf generally has a lower input of terrestrial C due to low river discharge; however, at certain times of year the Mississippi River can have effects on this region (Hedges and Parker 1976; l-ambert 1994) . Prochlorophytes, which also contain zeaxanthin, are believed to be an important source of POC on the outer slope in this region of the Gulf of Mexico (Bianchi et al. 1995; Lambert 1994) . However, we cannot estimate the relative importance of prochlorophytes vs. cyanobacteria because our HPLC method did not separate divinyl Chl a (found in prochlorophytes) from Chl a (Chisholm et al. 1988) . The predominance of cyanobacteria and prochlorophytes at station 93Gl-St. 5 in January 1993 may have been caused by a warm-core ring (Lamberl 1994) . Warm-core rings have been shown to carry oligotrophic water that is usually dominated by cyanobacteria and prochlorophytes (Biggs 1992) .
The relative absence of pheopigments (i.e. pheophorbides, pheophytins, chlorophyllides) in HMW DOC (except for chlorophyllides in a few samples from this study) suggests that most pigments found in HMW DOC are likely to be derived from direct exudation products or sloppy feeding by zooplankton. Pheophorbides (loss of phytol and Mg from the tetrapyrrole) and pheophytins (loss of Mg from the tetrapyrrole) are primarily produced by heterotrophic breakdown of the parent chlorophyll molecule; pheophorbide production may be more closely associated with metazoangrazing (Daley and Brown 1973; Shuman and Lorenzen 19751' Bianchi et al. 1988, l99l) . On the other hand, chlorophyllide (loss ofthe phytol from the tetrapyrrole) is believed to be produced by enzymatic breakdown in intact cells; it is also an intermediate compound in chlorophyll synthesis (Jeffrey 1974; Bidwell 1979:-Jeffrey and Hallegraeff 1987) .
Chlorophyllides were found in all HMW DOC and POC collected from surface waters at all our stations; HMW DOC ranged from 0.02 to 0.05 pgmg-t and POC ranged from 0.10 to 0.25 pgmg '. Total pheophorbides (0.02 ng mg ' HMW DOC) and pheophytins (0.01 ng mg-' HMW DOC) were found in surface water samples at only station 92G7-St. I in June 1992 in the gulf. Total pheophorbides and pheophytins were found at most stations (both locations); total pheophorbides ranged from 0.01 to 0.45 ng mg-t POC and pheophytins ranged from 0.02 to 0.21 ng mg-' POC. These low concentrations of pheophorbides and pheophytins in the POC and HMW DOC may be due to sloppy feeding by zooplankton (no gut passage of pigments). It is also unlikely that these pheopigments photodegrade considerably faster than the parent pigments (Welschmeyer and Lorenzen 1985) . Thus, the relative importance of sloppy feeding vs. exudation processes in producing pigments in HMW DOC remains uncertain.
It has been estimated that it would take only 9. 
